A thermoresponsive polymer, poly(N-vinylcaprolactam) (PNVCL), was synthesized in an emulsion above its thermal transition temperature to produce particles via polymerization induced self-assembly (PISA).
Introduction
PNVCL is a biocompatible polymer, 1 which exhibits LCST (lower critical solution temperature) type thermoresponsive behavior in aqueous solutions, i.e. the polymer turns insoluble upon heating. The phase transition temperature is close to body temperature and is dependent on the molecular mass and concentration of the polymer. 2 Thus for applications based on the amphiphilic, thermoswitchable nature of PNVCL, control over the molecular mass and a narrow molecular mass distribution are essential for optimal performance. Studied application fields for PNVCL include its use in drug delivery, [3] [4] [5] [6] [7] [8] [9] [10] [11] nanoreactors for catalysis, 12, 13 enzyme entrapping, 14 dye-affinity chromatography, 15 wastewater treatment, 16 flocculation 17 and thermoswitchable pressure sensitive adhesives. 18, 19 A more comprehensive description of possible applications can be found in a recent review by CortezLemus and Licea-Claverie. 20 The first successful controlled polymerizations of N-vinylcaprolactam, NVCL, i.e. RAFT polymerization in bulk, were reported in 2008. 21 Following that publication, NVCL has been RAFT/MADIX polymerized by several groups, in bulk, 22, 23 in various different organic solvents, [24] [25] [26] [27] [28] [29] [30] and also in water/ ethanol mixtures. 31 NVCL has also been synthesized via ATRP 32, 33 and cobalt-mediated polymerization. 34, 35 All of the reported polymerizations of NVCL that have led to narrow dispersity (Đ < 1.5) have, as far as we know, been conducted under conditions where PNVCL is soluble. The molecular masses have ranged from a few thousand up to 153 000 g mol −1 . The highest molecular mass product obtained was synthesized via RAFT/MADIX polymerization in solution, and the molecular mass value corresponds to a typical upper limit for the applied method. 36 To obtain higher molecular masses, special conditions need to be applied to suppress side reactions. 36 A good choice for water insoluble monomers is to conduct RAFT polymerization in an emulsion. In emulsion polymerization, the segregation of the polymerization loci leads to the suppression of bimolecular termination reactions, and thus allows the controlled synthesis of higher molecular mass products. Surfactant-free RAFT/MADIX emulsion polymerization has been recently reviewed by Zhou et al. 37 This method has been used, for example, to produce high molecular mass polystyrene 38 and poly(glycerol monomethacrylate). 39 Here, the surfactant-free RAFT/MADIX emulsion polymerization of NVCL is studied for the synthesis of high molecular mass PNVCL. Another appealing aspect of surfactant-free RAFT emulsion polymerization, and the main motivation for this work, is the formation of particles during synthesis. PNVCL based particles, which are essentially colloidal hydrogels, have been intensely studied for different biomedical applications, especially for cancer drug delivery. [4] [5] [6] [7] [8] 11, 40, 41 The PNVCL particles are typically synthesized via free-radical emulsion/ precipitation polymerization at temperatures were PNVCL is not soluble. [4] [5] [6] [7] [8] 11, [40] [41] [42] [43] [44] [45] [46] [47] The downsides of the method include the presence of free polymer (not bound to the particles), uneven crosslinking in the particles, and the difficulty of removing surfactants from the product. We see surfactant-free emulsion polymerization as an alternative synthesis method to produce PNVCL particles. The benefits include a higher solid content, the absence of surfactants that would be left as impurities in the product, and the different expected structures of the particles because the particles are formed via polymerization induced self-assembly (PISA). PISA reactions in aqueous heterogeneous media have been recently reviewed in four papers. [48] [49] [50] [51] In short, in PISA reactions, the chain extension of a solvophilic/amphiphilic chain with a solvophobic monomer leads to the self-assembly of the growing chains into welldefined particle morphologies. Ideally, the particle morphologies can be tuned through the block ratio, developing from spheres to worms to vesicles as a function of the degree of polymerization (DP) of the solvophobic block. This type of morphology transformation has commonly been observed in dispersion polymerizations where the monomer is soluble under the reaction conditions and the polymer is not. Typically in aqueous emulsion polymerization, only solid coreshell spheres are obtained. 48, 49 This was true also for the, as far as we know, only reported surfactant free RAFT emulsion polymerization of NVCL. 52 In that work, NVCL was copolymerized with vinyl acetate to produce particles.
In the current report, we describe the controlled surfactantfree RAFT/MADIX emulsion polymerization of NVCL. Poly (ethylene glycol) (PEG) based xanthate is used as the chain transfer agent in the reaction. The aim was to utilize the strengths of the polymerization method, i.e. to synthesize high molecular mass PNVCL with control over the molecular mass and to synthesize PNVCL particles with distinct morphologies as a function of the PNVCL DP. In addition, we show that particles composed solely of PEG and PNVCL can be "frozen" via H-bonding, through adding salicylic acid (SA). Without SA, the assembled particles disassemble upon cooling due to PNVCL becoming soluble. This SA "freezing" is a method we have used previously as well. 
Synthesis of the PEG-based xanthate macro-chain transfer agents
The synthesis of two PEG-based xanthate macro-chain transfer agents (mCTA) with different PEG DP values (42 or 113) was conducted following the literature, 54 with slight modifications.
The products are referred to as PEG 42 -X and PEG 113 -X, respectively. The synthesis scheme is presented in Fig. 1 . A detailed Fig. 1 The synthesis of the mCTAs, i.e. PEG n -X.
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The surfactant-free emulsion polymerization of NVCL: stabilization of the polymer particles NVCL, VA-044, PEG n -X, and buffer (0.1 M Tris; pH = 7.4) were weighed in a reaction flask. The mass of the buffer was always 10 g and the amounts of the other reagents were adjusted accordingly. The mixture was bubbled with nitrogen or argon for 1 hour at ambient temperature. The reaction mixture was then moved to a preheated oil bath: T = 50°C. The reaction mixture was stirred with a magnetic stirrer at 400 rpm for the duration of the reaction time. Conversion samples were taken after suitable time intervals. After the conversion reached over 95% or the reaction seemed to have stopped, according to two sequential conversion measurements, the reaction flask was opened to air. Saturated SA aqueous solution was prepared by dissolving excess SA in water for 24 hours at ambient temperature under magnetic stirring. Undissolved SA was filtered off.
Polymer particles to be analysed via light scattering were stabilized with SA by taking a drop from the reaction mixture with a heated pipette and diluting it at 50°C with saturated aqueous SA solution. The polymer concentration was then approximately 0.25 mg ml −1 . A corresponding sample without SA was prepared by dilution with pure water. The concentrations are calculated based on weight and may deviate from the actual concentrations. After the preparation of samples for light scattering studies, the rest of the polymerization mixture was allowed to cool to room temperature and was purified via dialysis and dried via freeze drying. The purified products were analysed with 1 H-NMR and SEC.
Characterization 1 H-NMR spectra were recorded using a 500 MHz Bruker Avance III spectrometer at 23°C.
Size exclusion chromatography (SEC) measurements were performed with Waters ACQUITY APC apparatus connected to an ACQUITY refractive index detector. The flow rate was 0.6 ml min −1 . The columns used were ACQUITY APC columns of 200 Å, 450 Å and 900 Å. Measurements were performed at 30°C. The eluent was THF. Low dispersity PMMA samples were used as a reference. All light scattering measurements were performed using a setup involving a Brookhaven Instruments BI-200SM goniometer, a BIC-TurboCorr digital pseudo-cross-correlator, a BI-CrossCorr detector and a blue 488 nm laser (Coherent Sapphire laser 488-100 CDRH) using 10 mW of power. The sample cell was connected to a Lauda RC 6 CP thermostat.
LS measurements were performed at 50 or 22°C. Samples were equilibrated for 30 min inside the instrument at the measuring temperature prior to measurement. Measurements were performed at 130°, 110°, 90°, 70°, 50°and 30°scattering angles.
Pseudo-cross-correlation functions of the scattered light intensity were collected at different angles using the selfbeating scheme. Correlation functions were analysed using an inverse Laplace transformation (CONTIN) in the Brookhaven Instruments dynamic light scattering software. Apparent mean hydrodynamic radii from intensity weighted distributions obtained at different angles were plotted against the squared scattering vector (q 2 ) and the hydrodynamic radius extrapolated to zero q 2 was used as the actual hydrodynamic radius. The inverse relaxation time of the correlation function (Γ) versus q 2 was plotted to confirm that the movement recorded was actually translational diffusion. It was seen that the Γ versus q 2 dependence was linear and the fitted line went through 0. The radius of gyration was obtained from the averaged scattering intensity simultaneously with DLS at different angles. The value was extracted from the dependence of the scattering form function on the scattering vector. From the different models tried, the Guinier model was the best for all samples studied.
SA stabilized samples were analysed with cryogenic electron microscopy (cryo-TEM). Samples were prepared with a Leica EMGP vitrification device from 3 μL aliquots on freshly glowdischarged Quantifoil R2/2 grids. The samples were observed using an FEI Talos Arctica microscope operated at 200 kV. The images were recorded at a magnification of 57 000× with an FEI Falcon 3 camera operating in linear mode.
Results and discussion
Polymerizations were performed in aqueous buffer (0.1 M TRIS) at 50°C and a pH of 7.4. The buffer was used to prevent hydrolysis of the monomer during polymerization, which has been observed during aqueous polymerizations of NVCL. 55 All polymerizations were performed under conditions where NVCL is not soluble. The solubility of NVCL was measured to be 15 g L −1 in pure water at 22°C and 35 g L −1 or 36 g L −1 in TRIS at 22 and 50°C, respectively (experiment details presented in ESI †). The ingredients in the polymerization mixture were the buffer, initiator, monomer and a PEG-based xanthate chain transfer agent. The reaction variables, including PEG chain length, targeted PNVCL length, total concentration and initiator concentration, were systematically varied. After dialysis and drying, products were analysed in THF with size exclusion chromatography (PMMA was used as a reference) to show the dependence of the molecular mass on design and to prove that there was control of the polymerization. The particles themselves formed during the synthesis were analysed after synthesis with light scattering at 50°C. The particles disintegrated upon cooling to ambient temperatures (Fig. 2) . To study the particles via electron microscopy and store the particles assembled also at ambient temperatures, the particles were "frozen" via hydrogen bonding with salicylic acid, using a previously reported method.
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Finding a suitable DP of PEG mCTAs A series of surfactant-free MADIX emulsion polymerizations were performed using either PEG 113 -X or PEG 42 -X as the chain transfer agent in the polymerization to study the effects of the PEG DP on the synthesis. Details are presented in Table 1 .
Only the polymerizations performed with PEG 113 -X were free of coagula. In polymerizations with PEG 42 -X at a 0.1 g ml −1 NVCL starting concentration, the formation of a coagulum/gel during synthesis was so extensive that the magnetic bar stopped spinning during the polymerization. Obviously, mPEG 42 -X was not effective enough as a stabilizer for the polymerization. The formation of coagula was also reflected in the molecular masses of the products obtained from SEC chromatograms (Fig. 3) . Polymerization with mPEG 42 -X gave broad multimodal molecular masses compared to products with mPEG 113 -X. A similar but less dramatic effect was observed earlier by Rieger at al. when studying the impact of the PEG DP of a PEG-based trithiocarbonate macro-chain transfer agent on the emulsion copolymerization of methyl methacrylate (MMA) and N-butylacrylate. 56 The CTA containing the smallest example of PEG (DP ≈ 27) was too small to properly stabilize the particles, which resulted in multimodal molecular mass distribution and the formation of a small amount of aggregates. Here, the required DP of PEG is larger, probably due to better compatibility between PEG and PNVCL compared to PEG with MMA and BA. Hence, PEG is more likely to be trapped in the coalescing copolymers of PNVCL than in MMA-co-BA and, thus, longer PEG is needed to keep the particles separated. Laukkanen et al. have shown that when a PNVCL-co-PEG 42 undecylmethacrylate polymer self-assembles to spherical particles in water upon heating, PEG is partly trapped inside the particles. 57 Due to the colloidal instability observed with PEG 42 -X, PEG 113 -X was used in the rest of the polymerizations.
The effects of reaction parameters on molar mass and control
Three series of polymerizations were performed with PEG 113 -X as the mCTA, systematically changing the reaction parameters, i.e. the CTA and initiator concentrations, total concentration, and initiator concentration, one at a time. The highest monomer concentration in Table 1 , 0.1 g ml −1 , was used as a starting point, as this concentration produced the highest conversion. The effects of the varied parameters on the molecular mass were evaluated after dialysis and drying via SEC in THF. Conclusions regarding the control of polymerization were based on SEC data. In RAFT/MADIX polymerization, the molecular mass is determined via the ratio of monomer to chain transfer agent following eqn (1), where M n is the number average molecular mass of the polymer, [M] 0 is the monomer concentration at t = 0, [CTA] is the concentration of chain transfer agent, M monomer is the molar mass of the monomer and M n (CTA) is the number average molecular mass of the mCTA.
The effects of mCTA (and initiator) concentration
The aim was to synthesize polymers with different PNVCL DPs. This was done by varying the mCTA to monomer ratio. The initiator concentration was adjusted accordingly to keep the ratio of mCTA to initiator constant. This approach is typical for RAFT polymerization. 36, 48 In the absence of bimolecular ter- mination reactions, the amount of produced radicals should correspond to the amount of polymer chains at the end of polymerization. Thus, the ratio of initiator to mCTA determines how many of the formed polymers have an initiator derived end group and how many have an mCTA leaving group as an end group. As the leaving group of the used mCTA contains the PEG chain, the initiator to mCTA ratio determines how much of the product consists of PEG-PNVCL copolymer compared to PNVCL homopolymer. The reaction details and SEC results are presented in Table 2 .
All the polymerizations proceeded to high conversions (over 95%). The molecular masses increased upon decreasing the mCTA concentration, evidencing success in synthesizing polymers with different PNVCL DPs. The M n values obtained were relatively close to the theoretical ones calculated with eqn (1), and the dispersities (Đ = M w /M n ) were all below or equal to 1.5. However, an additional peak or shoulder was observed in the molecular weight distribution (MWD) profiles presented in Fig. 4 . The shoulder is only slightly shifted in comparison to mCTA and obviously corresponds to PEG 113 -X with only a short oligomer attached. A similar shoulder was observed by Etchenausia et al. during the surfactant-free emulsion copolymerization of NVCL and VAc 52 and by Binauld et al. during the emulsion polymerization of VAc. 58 The presence of the shoulder makes the calculated DP values slightly differ from the actual DP of PNVCL. The kinetic profiles of the polymerizations, as studied via NMR, are presented in ESI Fig. S4 . †
The effects of the total concentration
The effects of the total concentration on the molecular weight distribution were studied, as the concentration is known to influence the self-assembly process. 48 A series of polymers was synthesized where the concentration of reagents was varied while the ratio between them was kept constant. Polymerization details and SEC results are presented in Table 3 . From the MWD distributions, shown in Fig. 5 , it can be seen how increasing the total concentration led to a narrower MWD, with the relative size of the shoulder corresponding to small M n compounds decreased. The kinetics of the polymerizations were studied with NMR, and the results are presented in Fig. 6 . The kinetic profiles are typical for emulsion polymerization. 59 First there is a period with an increasing rate of polymerization (interval I), secondly there is a period with a constant reaction rate, (interval II) and finally there is a period of decreasing reaction rate (interval III). Interval I is referred to as the particle nucleation period and is the period where the polymerization locus moves from the aqueous phase with a low monomer concentration to monomer-swollen particles/micelles, which have a higher monomer concentration. From Fig. 6 it can be seen how increasing the total concentration leads to faster polymerization and, especially, to a shorter nucleation period. The rate of nucleation has also been connected to the polymer molecular weight distribution in prior literature relating to RAFT emulsion polymerizations, i.e. an increased nucleation rate has been shown to result in a narrower molecular weight distribution of the formed polymer. 51 The reason for this is that particles nucleated at different times will have different compositions of reagents and this introduces heterogeneity to the polymerization loci. In RAFT/MADIX polymerizations, the homogeneity of the polymerization loci is important. [60] [61] [62] The propagating chains have similar sizes due to rapid and reversible chain transfer between the chains and due to the suppression of side reactions. If the particles where the propagation takes place are different in terms of the composition of reagents and there is not sufficient exchange of material, the result will be polymers with different lengths. A conclusion is that increasing the total concentration led to faster polymerization with a shorter nucleation period. This facilitated more mCTA being incorporated into the particles, and to more homogeneous environments for chain growth. These effects were reflected in the SEC results, as Đ became smaller.
The effects of initiator concentration
As discussed above, usually in RAFT polymerizations the ratio of initiator to chain transfer agent is kept as low as possible; this still obtains the radical flux needed for polymerization but it maximizes the amount of chemically identical polymers. 36, 48 However, Yan et al. have described a broadened MWD when decreasing the initiator concentration in the seeded RAFT emulsion polymerization of styrene. 60 The effect was explained via differences between active and inactive particles due to an insufficient flux of radicals that produce heterogeneous conditions for chain growth in different particles. Increasing the initiator concentration is also expected to increase the rate of reaction and shorten the nucleation period, which has already been connected to better M n control in an above section. For these reasons, the effects of initiator concentration were studied.
The reaction details and SEC data are presented in Table 4 . From the MWDs presented in Fig. 7 , it can be seen how increasing the initiator concentration reduces the width of the distribution and how the fraction containing smaller polymers disappears. Kinetic data is presented in Fig. 8 . From the data, it can be seen how increasing the initiator concentration led to ; and 0.3 g ml −1
. faster polymerization, as was expected. The effect of increasing the initiator concentration on the MWDs and the kinetics was stronger compared to that of increasing the total concentration. Thus, we see increasing the initiator concentration as being the preferred way to improve control over polymerization. However, it has to be noted that a narrow MWD does not guarantee chemically homogenous polymers and the ratio between the homopolymers and copolymers produced needs to be studied.
The synthesis of high molecular mass PNVCL Surfactant-free RAFT emulsion polymerization is known to be well-suited to the synthesis of high molecular mass polymers. [36] [37] [38] [39] Observations from previous polymerizations were used to design the synthesis of a high molecular weight polymer. The selected monomer/PEG 113 -X/initiator ratio was 6000/1/0.9 and the initial NVCL concentration was 0.1 g ml −1 .
A stable, coagulum-free dispersion was obtained in 20 h with 98% monomer conversion. According to SEC data, the M n value of the polymer was 350 000 g mol −1 and Đ was 1.5 (the chromatogram is presented in the ESI, Fig. S6 †) . This is, however, believed to be an underestimate caused by a few factors. The first of these is the difference between the MMA standard and the studied copolymers. Finding SEC standards for a series of copolymers (PNVCL-PEG) where the size of the other block increases from a few tens of thousands to close to million is obviously a challenge and might be impossible. The second issue is that the well-known problem of polymer adsorption to the stationary phase gets more severe upon increasing the molar mass. Hence, the results for the high molecular weight polymer from SEC can be used only to describe the relatively narrow molecular weight distribution. For the actual molecular weight analysis, we rely on static light scattering, which gives an absolute M w value. The M w according to light scattering analysis is 1.27 million g mol −1 and the analysis details are presented in the ESI. † The M n value of 847 000 g mol −1 is obtained by calculating M n from the light scattering M w value and using the Đ value of 1.5 from SEC. The theoretical M n value is 823 000 g mol −1 . From 1 H-NMR end-group analysis, we obtain an M n value of 810 000 g mol −1 (the 1 H-NMR spectra and calculations are presented in the ESI †). Based on experimental evidence, we conclude the polymer to have an M n value of 810 000 g mol −1 and a M w value of 1270 000 g mol −1 (Đ = 1.56). According to our knowledge, this is the highest molecular mass value achieved for PNVCL synthesized in a controlled manner, i.e. having such a low Đ value. The achievement is impressive considering the high monomer conversion (98%) and over 90% yield after purification.
Particle sizes and shapes
As the main motivation behind this work, particle shape and morphology were studied. In the PISA concept, the morphology of the self-assembled particles is dictated by the block ratio. Because of this, we focus on the polymers described in Table 2 . First, particles formed through self-assembly during polymerization were investigated via light scattering at 50°C. The samples taken from the reaction mixtures were not allowed to cool before measurement. Light scattering data is given in Table 5 . Hydrodynamic radius (R h ) values are presented in Table 5 in the form of hydrodynamic diameter (D h = 2 × R h ) to be consistent with the literature on PNVCL-based microgel particles. [4] [5] [6] [7] [8] 11, [41] [42] [43] 47 The hydrodynamic radii of the particles stayed relatively constant upon decreasing the mCTA concentration, with the polymer with the highest PNVCL DP differing from the others by being clearly larger. R h was expected to increase upon decreasing the mCTA concentration, as the mCTA acts as a dispersion stabilizer and decreasing the stabilizer content usually results in increased particle size. Radius of gyration (R g ) values were obtained from the angular dependence of the normalized averaged scattering intensity measured at several angles. The ratio of the two radii, R g /R h , is known to reflect the shape and mass distribution of scattering objects. [63] [64] [65] [66] [67] 0.775 is the theoretical value for a compact sphere, where mass is distributed homogenously through the particle. 66 Hydrogel particles with a dense core and looser, freely dangling chains in the shell show typical R g / R h values of around 0.6. 64, 67 For vesicles and polymersomes where all the mass is located on the surface of the particle, the R g /R h value should theoretically be 1. 63 R g /R h = 0.944 has been reported for lecithin vesicles. 65 An R g /R h value of 0.86 corresponds to a vesicle where the wall thickness equals the diameter of the inner lumen. 68 Values of above 1 are no longer strictly spherical objects. 1.5 is a typical R g /R h value for a random coil.
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R g /R h values for the synthesized particles are given in Table 5 . The value decreases as the DP of PNVCL increases. This indicates that in particles of PNVCL with a higher DP, the mass is located closer to the core.
Laukkanen et al. stabilized thermal self-assemblies of PNVCL-co-PEG-alkylmethacrylate polymers with phenols to preserve their integrity at ambient temperatures. 9, 53 The stabilization was based on hydrogen bonding and the stabilized particles were referred to as "frozen", as they were no longer thermoresponsive. Here, salicylic acid was used to stabilize the assembled particles at 50°C and pH 2.6. The particles were stable after cooling and were studied via LS. The R h and R g values at 22°C are presented in Table 5 . The "frozen" particles are slightly larger at 22°C than at 50°C. Upon cooling, the mass distribution changes slightly, highlighting the differences between particles with different PNVCL DPs.
The "frozen" particles, whose data is presented in Table 5 , were imaged with cryogenic transmission electron microscopy. Images are presented in Fig. 9 . The same particle size trend with decreasing [mCTA] was observed with cryo-TEM and LS. The particles with the lowest PNVCL DP had a lighter "eye" in the center of the particles. This agrees with the LS data, which shows larger R g /R h values for these particles. As the DP of PNVCL is increased from 194 to 485, the particles turn more homogenous, with only slight changes in size according to both LS and cryo-TEM. The particles with a PNVCL DP of 980 differ by being larger and having a denser core.
These observations correspond to the morphological transformation of vesicles where the membrane grows solely inwards as a function of the solvophobic block length, leading the lumen/inner encapsulated fluid phase to become smaller and finally non-existent. This behaviour has been previously observed by Armes et al. for the dispersion PISA polymerization of poly(2-hydroxypropyl methacrylate) using a poly(glycerol monomethacrylate) mCTA, and was suggested to be universal. 69 For the polymerization series in Table 5 , the lumen gets smaller as the PNVCL DP is increased from 194 to 485. The polymer with a DP of 485 does not actually have a lumen. Further increasing the PNVCL DP to 980 resulted in larger particles, as there was no lumen where the membrane could grow: the particle had grown outwards. Our current results show that self-assembly takes place during polymerization and results in particles with distinctly different morphologies. To create worms or vesicles containing larger lumens, we suggest aiming to lower the PNVCL DP.
The cryo-TEM images also shed light on the surprisingly high R g /R h ratio for the "frozen" particles with the shortest PNVCL length (DP = 194). In the images, some big multicore particles were observed (Fig. 10) , which presumably were formed when the "frozen" particle solution was cooled from 50°C to 22°C and PNVCL became more solvophilic. The increased solvophilicity facilitated the fusion of the particles. It seems that for lower PNVCL lengths (DP ≤ 194), the interactions with SA are not enough to allow particles to keep their shape upon cooling.
Particle size and shape analysis was performed with LS also for other polymerization series, i.e. for polymerizations with varying initiator concentrations and polymerizations with different total concentrations. The effects of these parameters on particle shape were marginal. The results are presented in ESI Tables S1 and S2 . † Detailed LS analysis was not performed on the large M n PNVCL due to its large size and seemingly broad particle size distribution (bimodal particle size). cryo-TEM images of the largest polymer are presented in the ESI † and show the presence of 1.3 µm spherical particles. In addition, a small amount (3/12) of smaller, approximately 400 nm particles was observed.
The dilution of SA "frozen" particles A dilution experiment was carried out with one of the SA "frozen" particles. Upon dilution with pure water, the scattering intensity decreased in a linear fashion with concentration, but the size of the particles remained unchanged until a criti- Fig. 9 Cryo-TEM images of the SA "frozen" dispersions whose data is presented in Table 5 cal point where the linear dependency of the scattering intensity on concentration was lost. At this point, which we refer to as the breaking point, the intensity diminished to a value close to the scattering of pure water (Fig. 11) . Before the breaking point, the particle size was independent of dilution. At the breaking point, the scattering intensity decreased to a level too low for particle size analysis. We conclude that there exists an equilibrium between SA in the aqueous phase and in the particles, respectively. At a certain dilution, the particles do not contain enough salicylic acid anymore and the polymer dissolves.
Conclusions
Successful RAFT/MADIX emulsion polymerizations of NVCL were performed in aqueous buffer at 50°C using a PEG based macro-chain transfer agent. Molecular masses increased according to design. PEG-PNVCL block copolymers were obtained with M n values close to the targeted M n values, from 32 000 to 810 000 g mol −1 , with moderate dispersities (Đ ≤ 1.6) and high conversions (over 95%). The crude products of the polymerizations were dispersions formed via PISA. This is the first time pure NVCL has been shown to undergo a PISA reaction. The particle shape was dictated by the DP of PNVCL. Particles with a PNVCL DP of 194 or 380 were vesicle type, with an inner lumen. Particles with a higher PNVCL DP (485 or 980) had denser cores and looser shells. The self-assembled spherical particles disintegrate upon cooling, due to the polymer becoming soluble. The particles remain self-assembled upon cooling if stabilized via hydrogen bonding with salicylic acid. From studies on the effects of initiator concentration and total concentration, it can be concluded that Đ and the reaction time can be decreased by increasing either of these parameters. Increasing the initiator concentration had the strongest effect. The reaction time could be reduced from 20 h to 2 h and Đ could be decreased from 1.5 to 1.2 upon tripling the initiator concentration when synthesizing PNVCL with a targeted DP of 500.
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